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The dependence of Europium (Eu)-related luminescence intensity on the Eu concentration in
Eu-doped GaN was studied. This luminescence is observed at 622 nm and originates from the intra-
4f transition of the Eu3+ ion. The intensity of the luminescence increased with increasing Eu
concentration, up to about 2 at. %, and then abruptly decreased. It was found that polycrystalline
growth began to be induced at Eu concentrations of more than 2 at. %. In addition, clear evidence
for the formation of EuN compounds was obtained by x-ray diffraction and extended x-ray
absorption fine structure analysis. The cause of the concentration quenching is likely to be related
to the polycrystalline growth as well as EuN formation. © 2004 American Institute of Physics.
[DOI: 10.1063/1.1771806]
GaN doped with rare-earth elements (RE) hold signifi-
cant potential for applications in optical devices, since they
show sharp intense luminescence which is only minimally
affected by temperature variations.1–5 Among the various RE
dopants, Eu seems to be the most interesting, since it yields
red luminescence s622 nmd which has not been realized in
commercially available light emitting devices (LEDs) that
use InGaN active layers. We have earlier reported single
crystalline growth of Eu-doped GaN and nearly temperature-
independent red luminescence at 622 nm originating from
the intra-4f –4f transition of the Eu3+ ion.4,5
The red luminescence was analyzed and determined to
be generated through trap-level-mediated energy transfer
from the host GaN, and the external emission efficiency was
estimated to be about 0.18 at room temperature when the Eu
concentration was about 2 at. %.6,7 These results revealed
that Eu-doped GaN could be a potential material for an ac-
tive LED layer. However, the luminescence intensity
abruptly decreased when the Eu concentration exceeded
2 at. %.8 The cause of this luminescence quenching is not
well understood. In this study, structural properties of Eu-
doped GaN were examined by x-ray diffraction (XRD) mea-
surements and local structures around Eu atoms in Eu-doped
GaN were investigated by extended x-ray absorption fine
structure (EXAFS) measurements with fluorescence mode, in
order to study the cause of the concentration quenching of
Eu-related luminescence in Eu-doped GaN.
The Eu-doped GaN thin films were grown on sapphire
(0001) substrates by gas-source molecular beam epitaxy
(GSMBE) using uncracked NH3 gas with 6N purity as the
nitrogen source. Metallic Ga with 6-nine purity and Eu with
3N purity were evaporated from conventional Knudsen effu-
sion cells. Details of the growth sequences are given
elsewhere.4–6 The films were grown at 700 °C and the Eu
doping concentration was controlled by varying the Eu cell
temperature from 390 to 500 °C. Eu concentrations in GaN
were estimated using Rutherford back scattering (RBS) spec-
trometry to range from 0.1 to 16 at. %. The film thickness
was about 1.0 mm for all samples.
Photoluminescence (PL) measurements at room tem-
perature (RT) were carried out using a He–Cd laser s325 nmd
as the excitation source. The structural properties of the Eu-
doped GaN were studied by XRD with u−2u mode using
both Cu Ka1 and Ka2 radiation. Eu LIII-edge EXAFS mea-
surements were carried out for the samples with Eu concen-
trations of about 0.1, 2, and 16 at. % in fluorescence mode
using beamline 12C at the High Energy Accelerator Research
Organization (KEK) to study the local structures around Eu
atoms. Analysis of the EXAFS data was performed using a
general procedure as follows.9,10 The EXAFS spectra were
obtained in fluorescence detection mode at room tempera-
ture. A Fourier filtering technique was applied to the first
nearest neighbor peak in the Fourier transform and the ex-
tracted k3xskd on the shell was curve fitted using the param-
eters calculated with the FEFF811 program. The bond lengths,
coordination numbers, and Debye–Waller factor were used
as fitting parameters to yield optimum values.
Figure 1(a) shows PL spectra of Eu-doped GaN with Eu
concentrations of 0.1 (A), 2 (B), 5 (C) and 16 at. % (D).
Near band-edge emission of GaN was observed in sample
(A) together with red emission at 622 nm which can be as-
signed to the 5D0– 7F2 transition of Eu3+. In samples (B),
(C), and (D), red emission at 622 nm was observed without
the band-edge emission of GaN. The intensity ratio of the red
emission in these four samples is 312:6250:3503:1.0 for
samples (A)–(D), respectively. The PL intensity at 622 nm of
various Eu concentrations is plotted in Fig. 1(b). The PL
intensity linearly increased up to an Eu concentration of
2 at. %, and then it was abruptly quenched for Eu concen-
trations of more than 2 at. %.
Figure 2 shows XRD profiles of samples (A)–(D). A
peak at 2u=34.60° for sample (A) is the same as that for the
(0002) reflection of undoped GaN. Although the Eu ion has a
larger covalent radius than the Ga ion, 0.185 nm for Eu and
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0.126 nm for Ga,12 no clear peak shift was observed between
samples (A) and (B). From our recent transmission electron
microscopy (TEM) observations, a high density of stacking
faults and twins was detected for sample (B), and it is likely
that the strain caused by Eu doping was relaxed by the in-
troduction of these stacking faults and twins.13 In the XRD
profile of sample (C), polycrystalline growth was confirmed
since the 36.4° peak which can be assigned to (10-10) reflec-
tion appeared together with (0002) reflection. And for sample
(D), two kinds of materials, GaN and EuN, were detected.
That is, peaks at 34.60°, 36.4° and 39.5° can be assigned to
(0002), (10-10) reflection of hexagonal GaN and (002) re-
flection of cubic GaN, respectively. The peak at 36.0° can be
assigned to the (200) reflection of EuN.14 In comparing the
peak intensities of GaN with those of EuN, a relatively large
amount of Eu atoms were distributed and formed EuN com-
pounds.
Reflection high energy electron diffraction (RHEED)
patterns for the samples are shown in Fig. 3. Sample (A)
shows a typical pattern for hexagonal GaN, while sample (B)
reveals a mixed spotty pattern of cubic and hexagonal phases
of GaN consistent with the results of TEM observations.13
The interpretation of spots is shown next to sample (B). The
RHEED pattern for sample (C), however changed to ring-
like pattern suggesting polycrystalline growth and for sample
(D), the pattern changed completely to a ring pattern. From
the RHEED observations, it is clear that polycrystalline
growth began to be induced at an Eu concentration of more
than 2 at. %. Generally, a grain boundary acts as a nonradi-
ative center. Therefore, one of the reasons for the concentra-
tion quenching of Eu-related luminescence could be the for-
mation of a polycrystalline microstructure.
The EXAFS function k3xskd with a k weighting value of
3 was extracted from the LIII-edge fluorescence spectrum and
is depicted in Fig. 4(a). The top two spectra in Fig. 4(a) are
very similar. On the other hand, the third spectrum is clearly
different from the other two. The Fourier transformed k3xskd
spectra for the three Eu concentrations are shown in Fig.
4(b). The relatively large peaks at about 1.6–2.5 and about
2.7–3.7 Å are attributed to the first and second nearest
neighbor atoms, respectively, for all samples. Fourier filter-
ing was carried out in the range of 1.68–2.52 and
2.63–3.63 Å for the first and second nearest neighbor atoms,
FIG. 1. (a) Photoluminescence (PL) spectra of Eu-doped GaN with Eu
concentrations of 0.1 (A), 2 (B) ), 5 (C), and 16 at. % (D) measured at room
temperature. (b) PL intensities at 622 nm vs various Eu concentrations.
FIG. 2. X-ray diffraction data measured with u-2u mode for Eu-doped GaN
with Eu concentrations of 0.1 (A), 2 (B), 5 (C), and 16 at. % (D).
FIG. 3. RHEED patterns after 2 h growth of Eu-doped GaN with Eu con-
centrations of 0.1 (A), 2 (B), 5 (C), and 16 at. % (D).
FIG. 4. (a) Normalized k3xskd EXAFS oscillations of Eu-doped GaN with
Eu concentrations of 0.1 (A), 2 (B), and 16 at. % (D). (b) Fourier transform
of the k3-weighted EXAFS oscillation of Eu-doped GaN with Eu concentra-
tions of 0.1 (A), 2 (B) and 16 at. % (D).
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respectively, in sample (A), from 1.55 to 2.38 and
2.63 to 3.63 Å in sample (B), and from 1.55 to 2.38 and
2.70 to 3.80 Å in sample (D). In order to analyze the
EXAFS spectra, parameter fitting was conducted with theo-
retically calculated spectra using the FEFF8 program, which
derives the scattering potentials and phase shifts by ab initio
calculations. The fitting parameters for the optimum fit are
shown in Table I.
The analytical results show that most of the Eu atoms
formed bonds with nitrogen with two different bond lengths
of 2.3 and 2.5 Å, and the total coordination number for ni-
trogen was nearly four for all samples. These results reveal
that most of the doped Eu atoms were incorporated into Ga
lattice sites with distorted tetrahedral symmetry.8 These re-
sults are consistent with previous reports. For the second
nearest neighbor atom, these results suggest the existence of
Eu in addition to Ga. The atomic ratios for the second nearest
neighbor atoms represent the concentration of the mixed
crystal if the constituent atoms were randomly distributed.
The Eu concentration value obtained by EXAFS analysis for
sample (B) is 2 at. %. This value is same as that determined
by RBS and indicates that Eu ions are almost uniformly dis-
tributed over the entire film. On the other hand, the analyzed
Eu concentration for sample (D) is about 35 at. % and this
value is clearly different from the RBS result s16 at. % d. The
larger value of Eu content obtained by EXAFS compared
with that by RBS suggests phase separation of EuN from
GaN. These results are consistent with the XRD results.
As reported previously,4,6 most of the red emission is
generated through excitation of GaN, therefore it may be
difficult to generate red emission in EuN since energy trans-
fer from GaN to EuN is not very efficient. Moreover, intrin-
sically, alloys formed with a component of the host matrix,
EuN in this case, are generally known to evoke luminescence
quenching either by increasing ion–ion interactions between
rare-earth ions or by forming rare-earth compounds that are
not optically active.15,16 For these reasons, concentration
quenching of Eu related luminescence in heavily Eu-doped
GaN may be caused by the formation not only of polycrys-
talline material but also of EuN compounds.
In summary, concentration quenching of Eu related lu-
minescence from Eu-doped GaN was observed for Eu con-
centrations of over 2 at. %, and the cause of the quenching
was studied. It was found that single crystalline Eu-doped
GaN converted into polycrystalline form at Eu concentra-
tions of more than 2 at. %. Formation of an EuN compound
was also detected for an Eu concentration of 16 at. %. The
cause of the quenching of Eu related luminescence is prob-
ably conversion to the polycrystalline form and the forma-
tion of EuN.
1S. J. Pearton, U. Hommerich, J. T. Seo, R. G. Wilsou, and J. M. Zavada,
Appl. Phys. Lett. 72, 2710 (1998).
2A. J. Steckl, M. Garter, D. S. Lee, J. Heikenfeld, and R. Birkhahn, Appl.
Phys. Lett. 73, 2143 (1999).
3H. J. Lozykowski, W. M. Jadwisienczak, and I. Brown, Appl. Phys. Lett.
74, 1129 (1999).
4S. Morishima, T. Maruyama, M. Tanaka, Y. Masumoto, and K. Akimoto,
Phys. Status Solidi A 176, 113 (1999).
5S. Morishima, T. Maruyama, and K. Akimoto, J. Cryst. Growth 209, 378
(2000).
6H. Bang, G. Piao, J. Sawahata, Z. Li, K. Akimoto, and M. Nomura, Phys.
Status Solidi C 0, 430 (2002).
7T. Maruyama, H. Sasaki, S. Morishima, and K. Akimoto, Phys. Status
Solidi B 216, 629 (1999).
8S. Morishima, H. Bang, T. Maruyama, and K. Akimoto, Proceedings of
the International Workshop on Nitride Semiconductors, IPAP Conf. Ser. 1,
490 (2000).
9P. A. Lee, P. H. Citrin, P. Eisenberger, and B. Kincaid, Rev. Mod. Phys.
53, 769 (1981).
10D. E. Sayers and B. A. Bunker, X-ray Absorption: Principles, Applica-
tions, Techniques of EXAFS, SEXAFS, and XANES, edited by D. C. Kon-
ingsberger and R. Prins (Wiley, New York, 1988), Chap. 6.
11A. L. Ankudinov, B. Ravel, J. J. Rehr, and S. D. Conradson, Phys. Rev. B
58, 7565 (1998).
12A. Uedono, H. Bang, K. Horibe, S. Morishima, and K. Akimoto, J. Appl.
Phys. 93, 5181 (2003).
13H. Bang, T. Tsukamoto, and K. Akimoto (unpublished).
14H. Jacobs, and U. Fink, Z. Anorg. Allg. Chem. 438, 151 (1978).
15Th. Förster, Ann. Phys. (Paris) 2, 55 (1948).
16D. L. Dexter, J. Chem. Phys. 21, 836 (1953).
TABLE I. Analytical results of EXAFS from Eu-doped GaN.
Sample Parameter
1st neighbor
atoms
2nd neighbor
atoms
(A) Eu: 0.1% N Ga
C.N 1.4 1.8 11.2
RsÅd 2.3 2.5 3.4
(B) Eu: 2% N Ga Eu
C.N 2.8 0.8 11.1 0.2
C.N ratio 98% 2%
RsÅd 2.3 2.5 3.3 3.3
(D) Eu: 16% N Ga Eu
C.N 0.2 3.0 5.4 2.9
C.N ratio 65% 35%
RsÅd 2.3 2.4 3.3 3.6
Appl. Phys. Lett., Vol. 85, No. 2, 12 July 2004 Bang et al. 229
Downloaded 20 Dec 2009 to 130.158.56.186. Redistribution subject to AIP license or copyright; see http://apl.aip.org/apl/copyright.jsp
